The standard representation of an optical field propagating in a photonic crystal (PhC) is an electromagnetic Bloch wave. We present a description of these waves based on their Fourier transform into a series of electromagnetic plane waves. The contribution of each plane wave to the global energy and group velocity is detailed, and the valid domain of this decomposition is discussed. This description brings new insight to the fundamental properties of light propagation in PhCs. Most notably, it permits a continuous description of light propagation from the homogenous medium to the strongly modulated PhC case. It also provides an original physical understanding of negative refraction in PhCs and resolves inconsistencies that result from band folding.
INTRODUCTION
The propagation of an electromagnetic field in a periodic dielectric structure can be strongly modified when the lattice dimension is of the order of the light wavelength. Such periodic structures are called photonic crystals 1 (PhCs) and allow the control of light at the wavelength scale. 2 In particular, PhCs can forbid light propagation at certain energies, thus creating the so-called photonic bandgap 1, 2 (PBG) . Confining light in this way has created new means to tailor light-matter interaction 3, 4 and has made PhCs promising materials for integrated optics. 5, 6 In the late 1970's, remarkable light dispersion properties of periodic media were demonstrated and studied. [7] [8] [9] Recently these interesting effects have been studied in PhCs, [10] [11] [12] paving the way for new concepts and applications. For example, phenomena such as negative refraction, [13] [14] [15] [16] [17] superprism, [18] [19] [20] and self-collimation [21] [22] [23] have been predicted and observed experimentally. In particular, several authors 11, 14 have suggested that the group velocity and the wave vector of waves propagating in PhCs can be antiparallel for a certain frequency range. In this respect, PhCs can behave as left-handed materials 24 (LHMs), and a negative refractive index can be defined. However, Notomi et al. 11 have noticed that some definitions of refractive index lead to inconsistencies. For example, a homogenous medium regarded as a PhC with vanishing modulation retains an unphysical negative index value. Therefore, although negative refraction has been simulated and observed experimentally in PhCs, its physical understanding and connection with LHM properties still requires further investigation.
Owing to the periodic nature of PhC structures, electromagnetic Bloch waves are generally used to represent the propagation of the optical field in PhCs. 7 In this paper we present a description of these waves based on their Fourier transform into a series of electromagnetic plane waves. This description aims to give an intuitive understanding of these interesting effects and to answer some of the outstanding questions. In Section 2 we begin by describing the properties of Bloch waves in one-dimensional PhCs (1D-PhCs). After decomposing Bloch waves into series of plane waves, we then explain the contribution of each plane wave to the global energy and group velocity and discuss the valid domain of this decomposition. We also show how this approach resolves the inconsistencies observed for vanishing modulations. In Section 3 we generalize the results obtained in Section 2 to the twodimensional (2D) case. Finally, in Section 4 we show that this description provides a physical understanding of the negative refraction that can occur at the interface between PhCs and homogenous media.
quires ͚ n ͉h n͑k͒ ͉ 2 = 1. In Eq. (2) the spatial Fourier transform of the magnetic field is characterized by amplitude peaks h n͑k͒ H 0 located at the wave vectors k n = k + nK, where K =2 / a. With the same arguments, the electric field E k ͑x͒ = E k ͑x͒e y and the electric flux density D k ͑x͒ = D k ͑x͒e y can also be expanded as a Fourier series:
To manipulate dimensionless quantities and thus simplify the following calculations, one can express the Fourier coefficients E n͑k͒ and D n͑k͒ without loss of generality as E n͑k͒ = e n͑k͒ 0 cH 0 , ͑5͒
where c is the speed of light in a vacuum, 0 is the vacuum permeability, and e n͑k͒ and d n͑k͒ are dimensionless coefficients. Maxwell's equations ٌ ϫ H =−iD and ٌ ϫ E =i 0 H, together with the constitutive relation D = 0 E and the Fourier expansion 1 / ͑x͒ = ͚ n n exp͑inKx͒, yield the following relations between the coefficients h n͑k͒ , e n͑k͒ , and d n͑k͒ :
h n͑k͒ = e n͑k͒ k n c , ͑8͒
Substituting Eqs. (7) and (9) into Eq. (8), we obtain the following relation for each integer n:
For ͉n͉ ഛ N, Eq. (10) is the standard eigenvalue problem used in the plane-wave expansion (PWE) method for photonic band calculations. 26 For a given k ͓−K /2,K /2͓, the
and give the Fourier coefficients h n͑k,i͒ . In that the computation of photonic band diagrams requires only the eigenvalues, the corresponding eigenvectors are normally discarded. We will show that these components contain information that is essential for a comprehensive understanding of Bloch wave propagation. To do this, we start by describing the field properties in terms of the Fourier coefficients h n͑k͒ .
By use of Eqs. (7) and (8), the time-space average energy density ͗E k ͘ t,s of the Bloch wave can be developed as function of the h n͑k͒ coefficients:
͑11͒
Even though this expression could be simplified to Table 1 , and the corresponding relations for an electromagnetic plane wave are given for comparison. Using Maxwell's equations, we have obtained E k , D k , ͗E k ͘ t,s , and ͗S k ͘ t,s in terms of the Fourier coefficients of H k . For each of these, when the nth component is considered individually, it always corresponds to the case of an electromagnetic plane wave with the wave vector k n and the magnetic field amplitude h n͑k͒ H 0 . This shows that a one-dimensional (1D) electromagnetic Bloch wave can be decomposed into a series of electromagnetic plane waves. Although this may seem obvious in the 1D case, in Section 2 we show that its generalization to the 2D case is not straightforward. The nth plane wave is characterized by the magnetic field amplitude h n͑k͒ H 0 and the wave vector k n . Its contribution to the global field is given by ͉h n͑k͒ ͉ 2 , which is the ratio between the energy carried by this plane wave and the total energy carried by the Bloch wave. In spite of these similarities, the nth plane wave is not an electromagnetic plane wave, as it does not individually satisfy Maxwell's equations unlike the global Bloch wave, 7 i.e., is not an eigenvector of Eq. (10) for the eigenvalue . Therefore the Fig. 1 . Representation of the 1D PhC structure analyzed in this paper. The alternating dielectric slabs have susceptibilities 1 and 2 and widths a 1 and a 2 . The lattice period is a = a 1 + a 2 . We consider electromagnetic Bloch waves propagating along the x direction perpendicular to the surface of the dielectric layers and linearly polarized in the y direction. nth plane wave is not an eigenvalue of the field equations and exists only as part of the Bloch wave.
Finally, we develop the group velocity v g , which is equal in periodic media 27 to the energy velocity v e :
The group velocity is simply given by the sum of the group velocities v n = / k n of the plane waves weighted by their energetic contribution ͉h n͑k͒ ͉ 2 . The Fourier decomposition of a Bloch wave is illustrated in Fig. 2 . The nth plane wave is represented by a disk located at the point ͑k n , u͒: The gray level of the disk indicates the energetic contribution of this plane wave ͑black→ 1 , white→ 0͒. The contribution to the total group velocity v g is indicated by an arrow whose length is proportional to ͉h n͑k͒ ͉ 2 / k n . The positive and negative parts of the jth Brillouin zone are labeled j + BZ and j − BZ, respectively. In this example, k 0 = k, k −1 = k − K, and k 1 = k + K are in the first, second, and third BZs, respectively.
Having established the basic description of Bloch waves and their decomposed plane waves in a periodic material, we now look at their propagation in three different 1D-PhCs with varying index modulations: ⌬n = 0, 1.2, and 2.3. The parameters of the 1D-PhCs are as follow: homogenous medium ͑ 1 = 2 = 4.67͒, weakly modulated 1D-PhC ( 1 = 2.43 and 2 = 7.62), and strongly modulated 1D-PhC ( 1 = 1 and 2 = 11). To ensure we examine only the difference arising from the magnitude of the modulation, all other parameters remain identical, i.e., a 1 = a 2 = a /2 and ͗n͘ = 2.16 (average refractive index). Using the PWE method, we plot in Fig. 3 (seen on next page) the dispersion diagrams for the first three bands of the 1D-PhCs. The two modulated 1D-PhCs exhibit two PBGs splitting the energy range into three allowed photonic bands (I, II, and III). A Bloch wave with the wave vector k located in band X = I, II, or III is labeled X k .
The Bloch waves propagating in the positive x direction of the three different 1D-PhCs are represented in Fig. 4 (the representation is the same as in Fig. 2 ). The arrows indicating the contributions to the global group velocity are drawn for waves I 0.25 , I 0.5 , II −0.5 , and II −0.25 .
In the homogenous medium [ Fig. 4(a) ], the solution to Maxwell's equations at energy is an electromagnetic plane wave with wave vector k = ͱ / c. This plane wave can be regarded as a particular Bloch wave for which h n͑k͒ is equal to 1 for a unique integer n * and 0 otherwise. The corresponding representation is characterized by a single black disk ͑h n * ͑k͒ =1͒ located at the point ͑k n * , u͒, where 
Group velocity
Fig. 2. Graphical representation of a Bloch wave with energy u = 0.14 and wave vector k = 0.38 propagating in a 1D-PhC. The band diagram (black curve) of the 1D-PhC is repeated in the different Brillouin zones. The plane waves that collectively form this Bloch wave are represented by disks located at the points ͑k n , u͒. The gray level of each disk indicates the energetic contribution of the corresponding plane wave, i.e., the ratio between the energy carried by this plane wave and the total energy carried by the Bloch wave ͑black→ 1 , white→ 0͒. The contribution of the nth plane wave to the total group velocity v g of the Bloch wave is indicated by an arrow whose length is proportional to ͉h n͑k͒ ͉ 2 / k n . The vectorial sum of all these arrows gives v g .
tion of Maxwell's equations. The index of this component is labeled n * : n * = 1 for Bloch waves within the first band, n * = 2 for Bloch waves within the second band, n * = 3 for Bloch waves within the third band, and so forth.
When a weak modulation is introduced into the PhC, as is the case in the weakly modulated 1D-PhC [ Fig. 4(b) ], only the vicinity of the BZ boundaries is affected. Inside the transmission bands, the Bloch wave remains similar to the plane-wave n * solution of the homogeneous medium. For example, more than 98% of the total energy of Bloch wave I 0.25 is carried by plane wave n * = 1. When the band edge is approached, some of the Bloch wave energy is transmitted from plane wave n * to plane wave n * −1. At the band edge, the energy is equally distributed between these two contrapropagating plane waves. The resulting Bloch waves are the symmetric and antisymmetric standing waves I 0.5 and II −0.5 . Because k n * =−k n * −1 ͑=K /2͒, their group velocities are zero; see Eq. (12) .
For the strongly modulated 1D-PhC [ Fig. 4 (c)], the large increase of the index contrast affects the whole transmission band. The energy is now distributed between several plane waves even in the middle of the bands, and the PBGs are larger. Yet plane wave n * still dominates the decomposition inside the bands. For example, plane wave n * carries 70% of the total energy of Bloch wave II −0.25 , whereas plane waves n * − 1 and n * −2 correspond just to 12% and 2%. Finally, it should be noted that the plane wave n * is not necessarily located in the first BZ. In fact, this wave lies within the second BZ for Bloch waves of the second transmission band, within the third BZ for Bloch waves of the third transmission band, etc. This intrinsic property is essential for a consistent description of Bloch waves in PhCs.
The previous description brings new insight for the understanding of light propagation in PhCs. In particular, it clearly describes the direction of the group velocity and the transition from the homogeneous medium to the strongly modulated 1D-PhC. There is one last aspect we wish to consider before generalizing our results to the 2D case, that is, the definition of a phase refractive index for a Bloch wave. Dowling and Bowden 28 first defined it by using the textbook formula n p = ͉k͉c / , where k is taken from the first BZ. They obtained the anomalous behavior sketched in Fig. 5 (a), which predicts small refractive indices for PhCs. Notomi 11 noticed that this method leads to abnormal results for a homogeneous medium and concluded that this definition has no physical meaning. Using the description developed in this paper, we can remove this inconsistency. Having shown that a Bloch wave is composed of plane waves propagating at their own phase velocities v n = / k n , we conclude that no global phase-front velocities can be physically attributed to the global Bloch wave. We conclude that no phase index can be physically assigned to Bloch waves as these waves possess many phase velocities. Finally, it should be noted that one can obtain self-consistent results for the transition from a homogeneous medium to a PhC by considering the quantity ͉k n *͉c / instead of ͉k 0 ͉c / [ Fig. 5(b) ]. However, this quantity characterizes only the velocity of the dominant phase front of the Bloch wave and is not a useful value.
PROPAGATION OF BLOCH WAVES IN TWO-DIMENSIONAL PHOTONIC CRYSTALS
In this section the preceding results are generalized to the 2D case. The structure consists of a square lattice of dielectric rods with susceptibility 2 embedded in a dielectric medium with susceptibility 1 (Fig. 6) . The period is a, and the rod radius is r. The filling factor is f = r 2 / a 2 , and the average susceptibility ͗͘ is given by ͗͘ = f 1 + ͑1 − f͒ 2 . The z axis is parallel to the rods, and only Bloch waves propagating in the xy plane are considered. A typical dispersion diagram of such a structure is depicted in Fig. 7 . In the following analysis, we will consider TMpolarized waves ͑E ʈ e z ͒.
As in the 1D case, the different fields satisfy the Bloch's theorem and can be expanded as a Fourier series:
where H 0 , c, 0 , r, and k are defined as in the 1D case; G n,m are the reciprocal vectors; and h n,m͑k͒ , e n,m͑k͒ , and A square lattice of dielectric rods with susceptibility 2 is embedded in a dielectric medium with susceptibility 1 . The lattice period is a, and the rod radius is r. We consider TM-polarized ͑E ʈ e z ͒ Bloch waves propagating in the xy plane perpendicular to the rods. 
where k n,m = k + G n,m . Substituting Eqs. (16) and (17) into Eq. (18) gives the equation for the coefficients e n,m͑k͒ :
͉k n,m ͉ .
͑19͒
For ͉n͉, ͉m͉ ഛ N, Eq. (19) is the standard eigenvalue equation used in the PWE method to compute the dispersion relations of TM-polarized waves in 2D-PhCs. 26 The eigenvectors give the coefficients e n,m͑k͒ / ͉k n,m ͉ from which the vectors e n,m͑k͒ can be easily deduced. The vectors h n,m͑k͒ and d n,m͑k͒ can then be calculated 29 from Eqs. (17) and (16) .
To generalize the 1D-PhC results, we must describe the field properties in terms of the vectors h n,m͑k͒ . A simple calculation leads to the expressions reported in Table 2 . As in the 1D case, these results show that a TM-polarized Bloch wave can be decomposed into a Fourier series of TM-polarized plane waves. Note, however, that the generalization of this result for TE-polarized waves is not straightforward. 30 The ͑n , m͒th plane wave is characterized by the magnetic field amplitude h n,m͑k͒ H 0 and the wave vector k n,m . Its contribution to the global field is given by the quantity ͉h n,m͑k͒ ͉ 2 , which is the ratio between the energy carried by this plane wave and the total energy carried by the Bloch wave. As in the 1D case, this pseudoelectromagnetic plane wave does not necessarily satisfy Maxwell's equations. Therefore the ͑n , m͒th plane wave is not an eigenvalue of the field equations and exists only in the PhC as part of the Bloch wave. We illustrate the decomposition with an example in Fig. 8 . In Fig. 8(a) the ͑n , m͒th plane wave is represented by a disk located at k n,m : The gray level of the disk indicates the energetic contribution ͉h n,m͑k͒ ͉ 2 of this plane wave ͑black → 1 , white→ 0͒. The group velocity is given by the vectorial sum of the phase velocities k n,m / k n,m 2 , weighted by the energetic contributions ͉h n,m͑k͒ ͉ 2 of the corresponding plane waves. Because each term can be physically interpreted, this approach provides an intuitive understanding of the direction of the group velocity as illustrated in Fig.  8(b) . From the center of the disk, the vector
shows the contribution of the ͑n , m͒th plane wave to the global group velocity. The higher-order BZs are indicated with dashed lines. In this example, k 0,0 , k −1,0 , k 0,−1 , and k 0,1 are in the first, second, third, and fourth BZs, respectively.
To illustrate this description, we consider the propagation of Bloch waves in 2D-PhCs with different index contrasts: a homogenous medium, a weakly modulated 2D-PhC, and a strongly modulated 2D-PhC. Their respective susceptibilities are the same as in the 1D case, and they all have the same filling factor f = 50% and average index ͗n͘ = 2.16. Generalizing Fig. 4 , we study in Fig. 9 the effects of the modulation by looking at the energetic composition of the Bloch waves located in the first three bands of these 2D-PhCs. Each Bloch wave is represented as described in Fig. 8 . Here the disks of adjacent Bloch waves overlap, and the contributions to the group velocity are not indicated.
In an homogeneous medium, which is represented by a 2D-PhC with zero index contrast [ Fig. 9(a) ], the planewave solution of Maxwell's equation is artificially distributed in bands according to the position of the wave vector k. When k is located in the first, second, or third BZ, the wave is assigned to the first, second, or third band, respectively. As in the 1D case, each of these particular Bloch waves is represented by a single black dot located at k. Therefore the global graphical representations of the first, second, and third bands are simply the first, second, and third BZs filled in black.
The introduction of a weak modulation [ Fig. 9(b) ] does not strongly influence the solutions except at the BZ boundaries, i.e., the Fourier decomposition is still largely dominated by the plane-wave ͑n * , m * ͒ solution in the homogenous medium case. At the vicinity of the BZ boundaries, the decomposition is dominated by the two plane waves located in the neighboring BZs. For example, Bloch 
wave I 0.47,0 lies in the first band with its dominant plane wave ͓k n * ,m * = ͑0.47, 0͔͒ located in the first BZ; see Fig.  9 (b). Because this Bloch wave lies in the vicinity of the second BZ border, part of its energy is carried by the plane wave located in the second BZ ͓k n * −1,m * = ͑ −0.53, 0͔͒. At the border the energy of the global Bloch wave is equally distributed between the two dominant plane waves.
Finally, the strongly modulated 2D-PhC [ Fig. 9(c) ] confirms the importance of the dominant plane wave ͑n * , m * ͒ in the 2D case. Inside the bands, this wave still dominates the Fourier decomposition and carries the largest part of the Bloch wave energy; this characteristic is essential to understand the physics of Bloch wave propagation in 2D-PhCs.
The analysis in terms of the equifrequency surfaces (EFSs) is a common way to investigate the propagation direction of Bloch waves in 2D-PhCs; their group velocities are given by the gradient vectors of these curves. 10 Normally, the EFSs are calculated for each band and drawn inside the first BZ, thus characterizing each wave with the wave vector k = k 0,0 . As an example, the EFSs of the first and second bands of the homogenous medium are represented in Figs. 10(a) and 10(b) , respectively. In the first band, this diagram shows the expected concentric circles of the homogeneous medium. However, nonintuitive curves pointing inward are obtained for the second band. This is a consequence of characterizing Bloch waves according to the wave vector of the first BZ (band folding).
As an illustration, we consider the plane wave with energy u = 0.3 that propagates in the negative x direction in the homogeneous medium. In the folded diagram, this particular Bloch wave is identified by the wave vector k = k 0,0 = ͑0.352, 0͒. However, as shown above, this vector has no physical meaning in that the unique (and therefore dominant) Fourier component of this wave is characterized by the wave vector k n * ,m * = ͑−0.648, 0͒ and is located in the second BZ. When this more physical approach of characterizing Bloch waves through their dominant wave vector k n * ,m * is adopted, the EFS of the second band is represented in the second BZ. With this representation, we obtain the projection in the second BZ of the concentric circles of the homogeneous medium [ Fig.  10(c) ] pointing outward as in the first BZ.
Thus, by our drawing the EFSs of the various bands in their respective BZs, the global diagram exhibits the expected EFS of an homogenous medium [ Fig. 11(a) ]. The same method can be applied to construct the global EFS diagrams of the weakly and strongly modulated 2D-PhCs [Figs. 11(b) and 11(c)]. With this pictorial representation, the three cases can be compared easily. The modulation transforms continuously the disks of the homogeneous medium to the segmental disks of the modulated PhC with no abrupt modification of the EFS. In particular, all the EFSs point outward, contrary to the common belief that in the second band of PhCs they point inward. 11, 18, 31 This unusual property resulted from the enforced representation of the EFS in the first BZ and erroneously showed the EFS of the second band of the homogenous medium pointing inward; see Fig. 10(b) . Therefore the negative curvature of the EFS is a result of the artificial band folding and has no physical meaning. Thus it should not be invoked to explain the left-handed behavior of PhCs.
Left-handed materials (LHMs) are generally characterized by the negative sign of the scalar product k · v g , where k is the wave vector and v g is the group velocity. To calculate this scalar product, we must assign a single wave vector k to the wave. Unfortunately, Bloch waves are composed of many plane waves whose wave vectors are all necessary to describe the global Bloch wave. Although there is no a priori reason to favor one of them, the wave vector k = k 0,0 located in the first BZ is generally adopted to characterize Bloch waves in PhCs. Let us illustrate the consequences of this choice with the example of Bloch wave II 0.352,0 . In the homogenous medium, this wave represents the electromagnetic plane wave with the wave vector k n * ,m * = ͑−0.648, 0͒. Yet it is described by the wave vector k = ͑0.352, 0͒ after the band folding. Consequently, the scalar product k · v g is found to be negative, although this wave propagates in a usual homogenous medium. This contradiction results from the artificial band folding, which assigns an unjustified importance to the wave vector of the first BZ. The correct choice for k is k n * ,m * for which the scalar product k · v g is naturally positive.
When the same approach is applied to PhCs, Bloch waves of the second band must be characterized by the wave vector k n * ,m * located in the second BZ. With this choice, the scalar product k n * ,m * · v g is always positive. This result indicates that there is no fundamental difference between the physical properties of the first and second bands. In particular, the negative sign of the product k · v g reported in previous papers is a consequence of the band folding and has limited physical meaning. Thus Fig. 9 . Graphical representation of the TM-polarized Bloch waves that propagate in (a) the homogenous medium, (b) the weakly modulated 2D-PhC, and (c) the strongly modulated 2D-PhC. We consider only the waves located in the first (I), second (II), and third (III) band. The BZ boundaries are represented by dashed lines. Each Bloch wave is represented as described in Fig. 8 : The circles of adjacent Bloch waves overlap, and the contributions to v g are not indicated. We observe that the dominant plane wave is located in the first BZ for the first band, in the second BZ for the second band, and so forth. Note that the contributions of the other plane waves become larger as the modulation is increased.
PhCs cannot be considered LHMs at the energies corresponding to the second band. To generalize this result, the sign of k n * ,m * · v g has been calculated for the first bands of many types of PhC and has never been found to be negative. In conclusion, PhCs do not generally satisfy the standard definition of LHMs.
REFRACTION PROPERTIES OF TWO-DIMENSIONAL PHOTONIC CRYSTALS
Although negative refraction has been experimentally observed in PhCs, 15, 16 the Fourier analysis performed above clearly demonstrates that PhCs are not LHMs. In this section we illustrate our Fourier analysis with the example of light refraction at the interface between an homogenous medium and a 2D-PhC. In particular, we show that negative refraction effects observed in PhCs result from the specific nature of Bloch waves.
Let us consider first the well-known case of a plane wave launched from air into a dielectric material. The refraction is described by the Snell-Descartes law, n 1 sin͑ 1 ͒ = n 2 sin͑ 2 ͒, where n 1 , 1 and n 2 , 2 are the refractive index and direction of the incident and refracted beams, respectively. A graphical solution to this problem can be provided by EFS analysis. In homogenous media the EFSs consist of circles whose radii are proportional to both the refractive index of the material and the wave frequency ͉͑k͉ = n / c͒. The EFSs corresponding to the energy of the incident plane wave are represented for the air and the dielectric in Figs. 12(a) and 12(b) , respectively. The wave vector k t of the refracted plane wave is defined by the continuity of the tangential component of the incident wave vector k i across the interface (k ʈ conservation) because of the translational invariance of the system. The group velocity v t is then given by the gradient vector of the EFS. In this case the EFS is a circle, so the propagation direction is always parallel to the wave vector. Note that the k ʈ -conservation line crosses the EFS at point B: This plane wave is not excited in the dielectric with this geometry as it is backward propagating with respect to the interface.
A convenient way to extend the EFS analysis to light refraction into PhCs is to consider which plane waves impinging on a PhC are able to excite a given Bloch wave. Let us consider, for example, the Bloch wave II −0.42,−0.24 propagating in the strongly modulated 2D-PhC discussed in Section 3. Its graphical representation is depicted in Fig. 13(b) . To excite this Bloch wave, the incident beam must satisfy two conditions. First, its energy must be conserved, so the incident plane wave must belong to the corresponding EFS in the homogenous medium, i.e., the circle in Fig. 13(a) . Second, the parallel component of the wave vector must be conserved along the interface (x axis). Projecting the wave vectors k n,m of Bloch wave II −0.42,−0.24 on this axis, we obtain the following series of parallel components:
To generalize the k ʈ -conservation rule, all these parallel components must be conserved along the interface, and the k ʈ -conservation line in Fig. 12 must be replaced by a k ʈ -conservation comb in Fig. 13 . In particular, the incident plane wave must have a wave vector whose projection corresponds to one of the k ʈn,m components. The conservation of the other components is provided by the backwarddiffracted waves. The components that cross the circle in Fig. 13 (a) are conserved with reflected plane waves (k r1 and k r2 ), and the others are conserved with evanescent waves having an imaginary k Ќ component. According to diffraction theory, each incident plane wave whose wave vector's projection is equal to one of the k ʈn,m is scattered by the periodic PhC structure into the Bloch wave II −0.42,−0.24 . In this example, two possible incident plane waves fulfill this condition. The first corresponds to the plane wave with the wave vector k i1 and excites the Bloch wave through the parallel component k · e x ; see Fig. 13(a) . However, by use of the parallel component k · e x +2 / a, Fig. 12 must be replaced by a k ʈ -conservation comb. We search for the incident plane waves that can excite a Bloch wave in the second band, e.g., II −0.42,−0.24 represented in (b). The standard solution is obtained by the conservation of the k ʈ component k · e x and corresponds to the plane wave with the wave vector k i1 in (a). By use of the k ʈ component k · e x +2 / a, the incident plane wave with the wave vector k i2 can also excite the Bloch wave II 0.3,−0.45 . In both cases there are back-reflected plane waves characterized by the wave vectors k r1 and k r2 . The other k ʈ components, e.g., k · e x −2 / a, are conserved by evanescent waves with imaginary k Ќ components, e.g., k r3 . The EFS for such waves are indicated in (a) by dashed curves for which the y axis has imaginary units. (c) A summary of the propagation directions of the incident, transmitted, and reflected waves. We observe that the incident plane wave k i1 is negatively refracted, unlike k i2 . the plane wave with the wave vector k i2 can also be transmitted into the Bloch wave II −0.42,−0.24 . Note that this second solution would be discarded with an EFS analysis restricted to the first BZ. In this case, only the conservation of the parallel component k · e x is considered, and the ability to excite the Bloch wave through other parallel components is neglected. This result once again highlights the limits of an approach that focuses on the first BZ.
We can now qualitatively describe the refraction process at the interface between an homogenous medium and a PhC. When the incident plane wave impinges on the interface, the periodic lattice of holes acts as a diffraction grating, scattering the incident light forward (refraction) and backward (reflection). As shown by Foteinopoulou et al., 14 after a transient time, the diffraction process reaches a steady state, which is the excited Bloch wave. Hence the Bloch wave is composed of the various waves resulting from the diffraction of the incident plane wave in the PhC, and therefore light refraction into PhCs should be considered a diffraction process.
Having established the physics of light transmission between an homogenous medium and a PhC, we can now consider the negative refraction effect observed in PhCs. In the example depicted in Fig. 13 , the Bloch wave II −0.42,−0.24 can be excited independently by either plane wave k i1 or k i2 . This Bloch wave lies in the second dispersion band, and its dominant wave vector k n * ,m * is located in the second BZ. The direction of its group velocity is dictated by the direction of k n * ,m * as shown in Section 3. When the solution k i2 is considered, the projections of v i2 and v g point in the same direction, and positive (standard) refraction is obtained. Whereas the plane wave k i1 gives rise to the negative refraction because the projections on the interface of v i1 and v g point is opposite directions. This demonstrates that whether positive or negative refraction occurs depends on the direction of the incident plane wave, and, equally, either can be observed for the same Bloch wave. It is important to note that an EFS analysis restricted to the first BZ would not point this out.
Finally, when one considers the solution k i1 , the physical origin of the negative refraction can be considered. Once the Bloch wave II −0.42,−0.24 has been excited, its propagation direction is dictated by its dominant wave vector k n * ,m *. Nevertheless, although the wave vectors k n,0 have negligible energetic contributions, they create the parallel component k · e x used by k i1 to excite the Bloch wave. In conclusion, at the interface between a PhC and an homogenous material, a Bloch wave possess several k ʈ components that provide different excitation channels. Negative refraction occurs when the k ʈ component used for coupling and the k ʈ component of the dominant wave vector k n * ,m * are different and point in opposite directions. This situation can be compared with a blaze effect in a standard grating diffraction process.
CONCLUSION
We have shown that Fourier analysis of Bloch waves can provide a simple and intuitive method for understanding the propagative and refractive properties of light in PhCs.
In previous studies the chosen wave-vector component to describe Bloch wave propagation has been taken from the first BZ. Although this is adequate for the first band, it can yield erroneous conclusions for higher-order bands. Unlike plane waves, Bloch wave propagation is not governed by a single wave vector because these waves possess multiple translational internal symmetries. A more appropriate choice is the wave vector of the plane wave that dominates the Fourier decomposition of the Bloch wave. Such a choice provides a common and consistent description of both the homogenous medium and the PhC. This approach always yields a positive sign for the scalar product k · v g and points to the fact that PhCs are not intrinsically left handed. The negative refraction phenomenon observed in 2D-PhC originates from the specific properties of electromagnetic Bloch waves: The internal wave vector responsible for the propagation direction can differ from those responsible for the coupling with the incident plane wave. The excited Bloch wave results from the scattering of the incident radiation at the PhC interface, and therefore negative refraction must be understood as a diffraction phenomenon.
